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Abstract 
In this contribution an experimental procedure to characterize an epoxy-based adhesive is presented. Displacement 
controlled tensile tests at different rates of loading, relaxation experiments and deformation controlled loading and 
unloading processes with intermediate relaxations are used to classify the nonlinear, inelastic mechanical behavior. Based 
on these results parameter identification for a continuum based material model has been carried out. The proposed 
material model is a viscoelastic constitutive law based on an overstress formulation.  
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1. Introduction 
Polymeric adhesives, such as thermoset epoxy resins, generally feature a nonlinear, inelastic material 
behavior. One of the dominating characteristics is the strain rate dependent deformation behavior which in 
turn leads to relaxation and creep phenomena that can affect the long-term performance of structural bonded 
components.  
On the other hand, dissipative deformation processes occur and play a distinct role for the development of 
adhesively bonded energy absorbing structures for crash and impact loadings. The design and the structural 
analysis of such bonded structures necessitate the formulation and numerical implementation of constitutive 
models that capture the inelastic material behavior of the adhesive. Beside this, the identification of material 
parameters from experimental observations needs to follow a structural approach because simple monotonic 
tensile tests do not allow for a clear differentiation of different sources of inelastic material behavior 
considered in terms of a phenomenological constitutive model.  
In this paper the experimental characterization and the constitutive modeling of the material behavior of an 
adhesive are described. The developed procedures and material models are applied to a typical thermoset 
adhesive – the epoxy resin 3M ScotchWeld DP490. Beginning with a short introduction of the applied 
classification of the mechanical material behavior, experimental results obtained from monotonic tensile tests, 
relaxation experiments and loading/unloading processes are outlined. The obtained data are used to formulate 
appropriate uniaxial viscoelastic constitutive equations based on rheological models. The applied material 
model is able to represent rate dependent material behavior. The material behavior is simulated for uniaxial 
isothermal loadings and compared to experimental observations. The paper finally ends with some concluding 
remarks and an outlook to future work. 
2. Classification of material behavior 
Regarding the classification of the material behavior observed during the experimental characterization of 
the adhesive, we follow a proposal of Haupt (Haupt, 1993 and 2002) who suggests four categories of 
mechanical constitutive behavior based on strain rate dependence of the material behavior and on the 
examination of an equilibrium relation.  
If the stress-strain curves of experiments carried out at various strain rates differ from each other, the 
material behavior is named strain rate dependent and represents a distinctive material characteristic. The 
difference between the stress measured in an experiment at a strain rate  and the equilibrium stress is 
called overstress ov. 
The second essential feature of the material behavior is the shape of the equilibrium relation formed by a 
set of terminal points observed in relaxation ( ) or creep ( ) experiments. If a hysteresis occurs, it is 
named equilibrium hysteresis. Both characteristics allow an appropriate classification on the basis of the 
phenomenology of the material behavior (Fig. 1):  
 Elasticity: strain rate independent without hysteresis (Fig. 1(a)), 
 Plasticity: strain rate independent with hysteresis (Fig. 1(b)), 
 Viscoelasticity: strain rate dependent without hysteresis (Fig. 1(c)), 
 Viscoplasticity: strain rate dependent with hysteresis (Fig. 1(d)).  
For strain rate independent material behavior each stress-strain curve is an equilibrium relation. In the case 
of strain rate dependence, the existence of a hysteresis in the stress-strain curve does not allow for a clear 
classification of the material behavior. Therefore, strain rate dependent and independent phenomena have to 
be separated by a suitable experimental procedure and the shape of the equilibrium relation has to be 
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determined. This is accomplished by a set of monotonic tensile tests, relaxation experiments as well as 
loading/unloading processes with and without intermediate holding times.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Four categories of material behavior according to Haupt, 1993 and 2002 - (a) elasticity; (b) plasticity, (c) viscoelasticity;  
(d) viscoplasticity 
 
3. Experimental characterization of the material behavior  
3.1. Experimental set-up 
All of the experiments were carried out on a universal material testing machine with a 5 kN force sensor 
and appropriate clamping jaws. The temperature chamber provided constant testing temperatures of           
K. The tensile specimens of 3M ScotchWeld DP 490 were produced in a silicone mold by injection 
molding. The size and geometric properties of the specimen are chosen in accordance with DIN EN ISO    
527-2 (specimen type 1A).  The glass transition temperature of the adhesive, measured using dynamic-
mechanical analysis is  K (Häßler, 2010). All test specimens used for this testing procedure were 
cured at an elevated temperature of  K for 2.5 hours and afterwards conditioned in the testing 
laboratory at room temperature for two weeks. In addition, further test specimens were cured in a silicone 
mold at room temperature of  K for seven days. These specimens were only used to estimate the 
effect of the way of curing on mechanical properties of the adhesive (Fig. 3).  
The nominal stress has been computed from the measured force F and the cross section of the specimen A0 
in the undeformed state. The nominal strain has been derived from the ratio of the displacement of the testing 
machine u and the reference length mm in the undeformed state.     
a) b)
c) d) 
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b) 
3.2. Experimental procedure 
The testing procedure follows an approach to classify the material behavior proposed by Kästner, 2009 and 
Kästner et al., 2012. At first, monotonic tensile tests at constant strain rates (Fig. 2a) are performed to 
determine the strain rate dependence of the material behavior. The quantification of the strain rate dependence 
is then accomplished by relaxation tests at a constant strain  and holding time th (Fig. 2b). 
In order to assess the size of a hysteresis, one needs to consider unloading processes. The testing procedure 
is for this reason extended by loading and unloading processes with intermediate holding times at discrete 
strain levels in order to separate strain rate dependent and independent hysteresis effects (Fig. 2c). 
  
 
 
 
 
 
 
 
 
Fig. 2. Testing procedure according to (Kästner et al., 2012):  (a) tensile tests at different constant strain rates; (b) tensile relaxation 
experiments; (c) loading and unloading experiments with intermediate holding times at different strain levels  
3.3. Material behavior – strain rate dependence and equilibrium relation 
Monotonic tensile test have been carried out for three different velocities with 1, 10 and 100 mm/min to 
determine whether or not the material behavior is strain rate dependent. The corresponding strain rates  are 
,  and 1/s. Fig. 3a shows the three characteristic nominal stress-strain 
curves. 
  
Fig. 3. Results of monotonic tensile tests with three different strain rates: (a) a close-up of the stress-strain curves of the specimens 
cured at elevated temperature for a small strain domain; (b) comparison of stress –strain curves of specimen cured at room (rt) and 
elevated temperature (et)  
 
The results of the tensile tests with higher velocities indicate a clear non-proportional increase in the stress 
level and the stiffness. At the same time, the strain to failure and the amount of permanent deformation 
decrease. Independent of the applied strain rate, all test specimens exhibit a brittle failure pattern 90 degrees 
to the tensile direction. Furthermore, the way of curing affects the shape of the stress-strain curves. Curing at 
a) c)
a) b) 
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an elevated temperature of  K leads after reaching the highest point to a constant plateau until 
failure occurs (Fig. 3b). On the other hand, specimens cured at room temperature show a peak in the stress-
strain curve. It can be assumed that different ways of curing generate different polymer networks, which result 
in different behavior. 
Tensile-shear tests of adhesively bonded joints with glass fiber reinforced polypropylene and the 
investigated epoxy resin showed very often a delamination failure pattern at a small total strain to failure    
 2%. Therefore, the following experiments as well as the formulation of the material model will focus on 
the small strain domain  5%.  
Because tensile tests do not allow for the separation of the strain rate dependent and independent fractions 
of stress, relaxation experiments are of great importance for the quantification of the strain rate dependent 
material behavior. Fig. 4 shows the stress–time curves of a relaxation experiment together with the measured 
climate conditions. The relaxation test was performed with a holding time of th = 72 h at a strain level of    
 3% using a velocity of 600 mm/min. After a strong relaxation of stress at the beginning, the rate of stress 
decreases until the relaxation seems to stop after approximately 72 h and, therefore, is assumed to be an 
equilibrium state.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Stress-time and climate-time curves for a typical relaxation experiment  
 
For a clear classification of the material behavior the shape of the equilibrium relation has to be assessed. 
Kästner, 2009 discussed that the stress in the terminal points of the stress-strain curves from relaxation 
experiments are discrete points of the equilibrium relation. In order to determine these points, loading and 
unloading processes with intermediate holding times according to Fig. 2c are conducted. Due to practical 
issues, holding times of 72 h as used in the relaxation tests are not applicable in such experiments and a 
reduction of the holding time is needed. In Fig. 4 it can be seen that the rate of relaxation decreases until the 
end of the stress-time curve and that the major part of stress relaxation is accomplished in less than half of the 
total relaxation time. Hence, a reduced holding time  for the intermediate relaxations is chosen, defined by 
a criterion that 90 percent of the stress relaxation observed in a relaxation experiment with a holding time of 
72 h (Fig. 4) relaxes during  . In the case of the examined adhesive the intermediate relaxation time can be 
reduced to about  5 h. Fig. 5 shows the resulting stress-strain and stress-time curves for the loading and 
unloading experiment with intermediate relaxation times. The experiment indicates an equilibrium hysteresis 
as the terminal points of the loading and unloading path do not coincide.  
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Fig. 5. Loading and unloading experiments with intermediate relaxation times for the proof of the existence of an equilibrium 
hysteresis: (a) stress-strain curves and (b) stress-time curves 
3.4. Summary 
The experimentally obtained results demonstrate that the adhesive shows strain rate dependence and 
equilibrium hysteresis. According to the proposed classification the material behavior can be assessed to be 
viscoplastic. Because the strain rate dependence is the most important feature of the material behavior of the 
investigated adhesive, a viscoelastic material model will be applied in the following. 
4. Modeling of the material behavior 
Based on the presented experimental procedure, in Kästner, 2009 and Kästner et al., 2012 constitutive 
equations for modeling the inelastic material behavior of polymers were proposed. This model is based on an 
overstress formulation, where the stress  
  (1) 
is a combination of the strain rate independent equilibrium stress  and the strain rate dependent overstress 
. Similar approaches are followed in Haupt und Lion, 1995 und Lion, 1996, Hartmann 2006 as well as 
Müller 2011, 2012. The model is able to describe viscoplastic material behavior. Due to the concentration on 
strain rate dependence, only the viscoelastic part of the material model is used to describe the behavior of the 
investigated adhesive. 
The model of the equilibrium relation is defined by a nonlinear elastic stress-strain relation 
.   (2) 
The required material parameters  and  are obtained from fitting the model prediction to the 
experimentally determined terminal points of the intermediate relaxations for the loading path.  
The constitutive formulation of the rate dependent fraction of the stress is a generalized Maxwell model 
(Tschoegl, 1989) with  parallel elements 
  (3) 
a) b) 
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 with  (4) 
The nonequilibrium overstress is the sum of the individual stresses in each Maxwell element. Using the 
window algorithm of Emri and Tschoegl (Emri and Tschoegl, 1993; Tschoegl and Emri, 1992), the 
parameters of the model  and  of each Maxwell element, which form a discrete relaxation spectrum, can be 
determined from relaxation experiments. Due to the fact that the stress-time curves cannot be approximated 
using the linear overstress model, we introduce nonlinear strain rate dependence by replacing the constant 
viscosity  by a function  
  (5) 
of the overstress and two additional parameters  and . The idea of an overstress dependent viscosity 
function has previously been used for modeling of metals (Haupt and Lion, 1995) and elastomers (Lion, 1996, 
1997). Fig. 6 shows the complete rheological model with the strain rate independent and dependent parts. 
 
 
 
 
 
 
 
 
Fig. 6. Rheological model – equilibrium relation and overstress 
5. Results and discussion 
In this contribution, a nonlinear viscoelastic material model and a structured approach to parameter 
identification have been presented. In this procedure the identification of the parameters for the equilibrium 
relation is accomplished by adopting the model prediction to the terminal points of the intermediate 
relaxation. Afterwards, the rate dependent effects are quantified using relaxation experiments.  
The identified parameters are  = 1067 MPa,  = 55.2,  = 12 and  = 1.2. The set of relaxation times 
 corresponding to a total number of six Maxwell 
elements in the overstress model has been chosen. The application of the window algorithm of Emri and 
Tschoegl to the experimental data yields the set of relaxation strengths 
MPa. A comparison of the resulting model 
predictions to the experiments can be seen in Fig. 7. 
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Fig. 7. Comparison of experimental and numerical results: (a) stress-strain curves of the relaxation experiment; (b) stress-time curves of 
the relaxation experiment and (c) stress-strain curves of tensile tests at different velocities  
 
 
It can be concluded that the material model based on a nonlinear equilibrium relation and an overstress 
dependent viscosity function is able to approximate the short (monotonic tensile tests at different strain rates) 
and long term (relaxation experiments) viscoelastic behavior. Cyclic loads cannot be fully reproduced due to 
the fact that plasticity has not been included. 
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